Figure 1. Pdp1⑀ Expression Is Clock-Controlled (A) Models of VRI and PDP1⑀ proteins show highly conserved basic DNA binding domains (b, light blue, and right image). Both proteins contain leucine zippers (Zip, dark blue). VRI has a glycine-serine rich domain (GS-rich, purple). PDP1⑀ has glutamine rich (Q-rich, red), alanine rich (A-rich, orange), and proline and acidic rich domains (PAR domain, green). TAD␣ is the likely transactivation domain in PDP1␣, a smaller PDP1 isoform (Lin et al., 1997). (B)
Pdp1⑀ and vri RNA levels oscillate in wild-type flies. y w flies were entrained in light-dark cycles and collected at zeitgeber times (ZT) shown. ZT is time in light-dark cycles with ZT0 lights on, ZT12 lights off. Levels of Pdp1⑀ (light blue) and vri (dark blue) RNA relative to noncycling levels of n-synaptobrevin (n-syb) were assayed by Real Time PCR and quantitated as described in Experimental Procedures. Results are an average of two independent experiments (except one sample at ZT21 and ZT24 for Pdp1⑀), and error bars depict standard error of the mean (SEM). The Pdp1⑀ RNA peak is significantly later than the vri RNA peak (p Ͻ 0.05, unpaired t test), and we have seen oscillations with the phases shown here in four other RNA series. Figure 2C shows low PDP1 levels during the day at ZT9, and high levels in the middle of the night at ZT18. The oscillation is especially clear in the outer photoreceptor cell nuclei (see arrowheads, Figure  2C , top images). PDP1 at ZT18 colocalized with ELAV, which marks the nuclei of neurons (Robinow and White, 1991) . Although our antibodies to PDP1 do not distinguish between the different PDP1 isoforms, RNase protection data and Western blots (Figure 1 , data not shown) detected rhythmic expression of only Pdp1⑀ in fly heads-thus, mostly PDP1⑀ protein is detected in Figure 2C . PDP1 protein is thus rhythmically detectable in both central and peripheral clock cells and it is a nuclear protein, as predicted by its ability to activate transcription (Lin et al., 1997).
A Pdp1 Mutant Lengthens the Period of Behavioral Rhythms
Loss of one copy of vri shortens the behavioral period, while constitutive overexpression of vri causes either a long period or arrhythmicity (Blau and Young, 1999). We tested if Pdp1 also regulates behavioral rhythmicity using a Pdp1 mutant, Pdp1
P205
, which specifically deletes the entire Pdp1 locus (see Experimental Procedures). Pdp1 P205 homozygotes are developmentally delayed, and are often normal size third instar larvae 14-21 days after egg laying, in contrast to their heterozygous siblings which are adults by this time. Some homozygous Pdp1 P205 mutants pupate, but only a very small proportion eclose, and these adult flies die within a day, preventing our testing the behavioral rhythms of flies lacking Pdp1. Full details of the Pdp1 P205 mutant will be published elsewhere (K.L.R. and R.V.S., unpublished data).
The rhythms of locomotor activity in constant darkness of adult flies heterozygous for Pdp1 P205 were compared to wild-type siblings, and the distribution of period lengths is shown in Figure 3A . All of the flies were rhythmic, and Pdp1 P205 heterozygotes showed an average period lengthening of ‫5.0ف‬ hr. Representative actograms are shown in the top two images in Figure 3B . P205 mutant larvae were entrained in gal4 (Blau and Young, 1999). Removing one copy of Pdp1 in a V1 background gave an average period of 27 light-dark cycles, shifted into constant darkness, and tim RNA levels in pacemaker cells were assayed by in hr, which is significantly greater than the multiplicative increase in period length typically seen in flies with mutasitu hybridization. tim RNA levels cycled over the first day of constant darkness in wild-type larval brain pacetions in two different clock genes (Rothenfluh et al., 2000 and references therein). Representative actograms are maker cells ( Figure 4A , top row), with a peak at CT15, and were still weakly detectable at CT21, consistent shown in Figure 3B and the distribution of periods in Figure 3C . Figure 4B ). Since the freerunning molecular clock stops in the absence of Pdp1, we conclude that Pdp1 encodes an essential clock gene.
The presence of low levels of tim RNA at CT15 in 50% of brain hemispheres and of low levels of TIM protein in light-dark cycles (data not shown) indicated that the Pdp1 P205 mutation does not affect the viability of pacemaker cells. We also tested pdf expression to attempt to verify the presence of pacemaker cells. Figure 1D shows that dClk RNA levels are at their lowest when VRI protein levels are highest and start to rise as VRI levels fall and PDP1⑀ levels rise. Therefore, we tested whether vri and Pdp1 regulate dClk expression in vivo.
First, vri was expressed in clock cells via the tim(UAS)-gal4 driver and the strongest UAS-vri transgene, V3 (Blau and Young, 1999). We previously showed that this causes constitutively high vri expression with RNA levels between 1 and 2.5 times wild-type peak vri RNA levels ; three traces in dClk are from wild-type larvae (ϩ) and show that a tim-gal4 flies crossed to either wild-type (ϩ) or V3 flies to measure dClk amplicon becomes detectable at ‫ف‬cycle 25. In contrast, the levels of vri and dClk RNA relative to n-syb. dClk RNA levels are dClk amplicon never moves into the exponential phase in Pdp1
significantly lower when vri levels are increased in V3 flies (p Ͻ homozygous mutants (P ). Very similar results were seen when these 0.005, two-sample unpaired t test). tim-gal4 flies were described in samples were reassayed for Pdp1⑀ RNA. RNA levels were controlled Emery et al. (1998) .
by amplification of n-syb, which moved into the exponential phase (C) The magnitude of the dClk RNA oscillation is reduced in Pdp1 P205 at cycle 25.5 Ϯ 0.2 for wild-type (n ϭ 3) and cycle 26.7 Ϯ 0.2 for heterozygotes. Quantitation of dClk relative to n-syb as in Figure 1 . Pdp1 P205 homozygous mutants (n ϭ 3). These differences correspond Data for wild-type flies is from two independent time courses. For to an ‫-2ف‬fold difference in neuronal RNA. Essentially identical rePdp1 P205 heterozygotes, CT3 and CT15 are two independent samples sults to those shown here for CT15 were seen in three samples at and CT9 and CT21 are one sample assayed twice. dClk RNA levels in V3 flies were less than half the normal peak levels of dClk RNA at CT2, and at a similar level as wild-type flies at CT14 when dClk RNA levels normally reach their minimum.
vri-mediated repression of dClk could occur directly by VRI repressing dClk promoter activity or indirectly via decreased per and tim expression seen when vri is overexpressed (Blau and Young, 1999). We thus tested whether VRI can repress dClk independently of nuclear PER and TIM by overexpressing vri in a per 0 background, in which TIM is cytoplasmic and PER is absent (see Allada et al., 2001). vri RNA levels were increased ‫-3ف‬fold by tim-gal4 driven expression of V3 in a per 0 background ( Figure 5B, left graph) . This resulted in a Ͼ2-fold decrease in dClk RNA ( Figure 5B, right graph) , which is already at low levels in per 0 (Bae et al., 1998). Thus, overexpression of vri can repress dClk independently of nuclear PER and TIM.
We also tested whether removing one copy of Pdp1 affects the dClk RNA oscillation. Figure 5C shows that dClk RNA levels in Pdp1 P205 heterozygotes were reduced ‫-2ف‬fold compared to wild-type flies at each time point. Thus, the simplest explanation for the residual (Ͻ 2-fold) oscillation of dClk RNA levels in V3 flies is due to competition between VRI and PDP1⑀. dClk RNA levels are also higher in flies heterozygous for a loss-of-function vri mutation than in wild-type flies (Glossop et al., 2003) . Thus, altering the ratio of vri:Pdp1 affects dClk expression in otherwise wild-type flies as shown earlier for behavioral rhythms.
dClk expression was also tested in RNA isolated from Pdp1 P205 homozygous third instar larvae. The results in Figure 5D show that dClk was barely detectable in Pdp1 P205 mutants compared to wild-type third instar larvae. RNA was assayed by quantitative real-time PCR, and fluorescence (y axis) versus cycle number (x axis) is shown for three samples for each genotype in Figure  5D . We also confirmed that Pdp1 P205 larvae do not express detectable Pdp1⑀ RNA ( Figure 5D ). Figure 6B show that PDP1⑀ activated dClk-luc to a maximum of ‫-9ف‬fold, but only very weakly RNA levels in vivo because VRI and PDP1⑀ proteins directly regulate dClk transcription in opposite ways: affected a control luciferase reporter controlled by a minimal herpes simplex virus thymidine kinase pro-VRI represses and PDP1⑀ activates the dClk promoter. moter, tk-luc (1.6-fold). tk-luc was used as a negative control because of a similar basal activity as dClk-luc, Discussion and it is unlikely that the viral tk promoter is regulated by clock proteins in vivo.
VRI and PDP1 Compete for
Current models of the Drosophila circadian oscillator are based upon rhythmic activation of per/tim transcripIt is often difficult to detect repression before a promoter is activated, and this was the case for VRI (data tion by cycling levels of dCLK/CYC, and rhythmic repression of per/tim transcription by cycling levels of PER/ not shown). To counter this, VRI was converted into a transcriptional activator by fusing the viral VP16 activa-TIM (Allada et al., 2001). While these models explain PER and TIM oscillations, the molecular mechanisms tion domain to either the N-or C-terminal of VRI. VRI-VP16 (right graph, Figure 6B ) and VP16-VRI (data not underlying cycling of dCLK/CYC were unknown. Here, we identify VRI as a rhythmically expressed dClk represshown) strongly activated dClk-luc but not tk-luc. Thus, both PDP1⑀ and VRI can bind the dClk promoter in vitro.
sor and PDP1⑀ as a rhythmically expressed dClk activator. We show that VRI and PDP1⑀ directly regulate dClk Next, we tested the ability of PDP1⑀ and VRI-VP16 to activate transcription from reporter plasmids containing transcription by binding the same site in the dClk promoter. We also demonstrate that Pdp1 is required for three copies of the C1, C2, or C3 sites inserted into tkluc. Only the C3-tk-luc reporter was strongly activated circadian clock oscillation and for dClk expression, thus establishing it as a novel and essential clock gene. VRI by PDP1⑀ and VRI-VP16 ( Figure 6C and data not shown) . This activation is specific since mutating four of the ten and PDP1⑀ proteins accumulate with a phase delay that presumably underlies sequential repression and activabases in C3 to C3m (Figure 6A ) rendered the reporter non-responsive to PDP1⑀ and VRI-VP16 ( Figure 6C) . tion of dClk transcription. Thus, VRI, PDP1⑀, and dCLK form a second feedback loop in the circadian oscillator Gel shift analysis detected direct binding of in vitro translated VRI and PDP1⑀ to C3, which was specific responsible for regulating rhythms in dCLK/CYC levels. since it was competed by an excess of unlabeled C3 oligo, but not by excess C3m (Figure 6D 
